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Abstract 
Tungsten alloys was synthesized by self propagating high-temperature synthesis (SHS) from two different reactants 
systems of FeWO4-Ni-Al and Fe2O3-WO3-Ni-Al. The reaction was carried out in a SHS reactor under static argon gas 
at the pressure of 0.5 MPa. The standard Gibbs energy minimization method was used to calculate the equilibrium 
composition of the reacting species. The reactants mixture was activated by high energy milling for 1 hour. The effect 
of the difference of starting materials to the result products were investigated and discussed. The products were 
characterized by inductively coupled plasma-optical emission spectroscopy (ICP-OES) and scanning electron 
microscope (SEM) with energy dispersive x-ray (EDX) technique. 
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1. Introduction 
Tungsten alloysor tungsten composite have received considerable attention for both scientific and 
military applications such as, core materials of kinetic-energy penetrator, counter weights, radiation 
shields and electrical contacts because of their high density, strength and ductility. Tungsten alloys used 
to suffer from limit use due to its blunt behavior while penetrating the tough target materials. The blunt 
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behavior of tungsten alloy core is induced by the adiabatic shear deformation, which is related to a high 
strain rate and local shear deformation [1, 2]. 
By refining the microstructure, we can improve the mechanical property of tungsten alloy core and so 
as to mend the blunt behaviour [3]. Since the self propagating high-temperature synthesis (SHS) process 
has been proved as an effective method to refine many kinds of materials. Higher of quenching rate 
during SHS reaction has improved the formation of a small crystalline materials [4]. In addition, oxide 
dispersed strengthened (ODS) is one choice of the most promising candidates for kinetic energy 
penetrator owing to their high strength at elevated temperature and possibility to control the fracture mode 
from ductile to brittle fracture according to oxide content [5].  Due to the high melting point of tungsten, 
it is difficult to fabricate tungsten alloys by melt process. The conventional tungsten alloys is 
manufactured by a powder metallurgical process employing a liquid-phase sintering of the mixed 
powders of tungsten (W), nickel (Ni), and iron (Fe) with some combination of cobalt (Co) or copper (Cu) 
at a temperature above 1460qC [3, 5]. 
Recently, self propagating high - temperature synthesis (SHS) method has been developed to produce 
ceramics, intermetallics, catalysts, composite and alloys and magnetic materials at low cost. It is based on 
the use of highly exothermic reactions which are commonly found when synthesizing such materials.This 
method exploits self-sustaining solid-flame combustion, which develops very high temperatures inside 
the materials over a short period. A stoichiometric mixture of the reactant powders, carefully mixed, were 
pressed to obtain a powder compact are the common steps. The sample is then heated locally, thus 
reducing the heat consumption to synthesize the ceramic or alloys. As the reaction is highly exothermic, it 
releases a lot of heat which will, in turn, heat the inside of the sample. Where the reaction will be able to 
start and progressively, the reaction front will be able to propagate through the sample until the reactants 
are completely converted. SHS method therefore offers many advantages over traditional methods, such 
as much lower energy loss, lower environmental impact, convenient manufacturing process and unique 
properties of the product [6].  
Here, we present the tungsten alloys in which resulting from SHS reaction. The effects of the different 
of starting materials to the result products were investigated. 
2. Experimental
    The reactant powders used in this works (see the different reaction systems in the Eq. (2) and (3)) were 
ferberite minerals (FeWO4), Fe2O3, WO3, Ni and Al powder whose properties are listed in Table. 1. The 
powders were mechanical activated and dry mixed in the planetary ball milled (Tungsten carbide jar and 
ball) (Fritsch GMBH, Pulverisette 6) for 1 hours. The powder mixture was uniaxially pressed (Herzog, 
TP20P) without binder at 30 MPa into cylindrical pellets compact of 25.4 mm diameter represented in 
Fig. 1(a). 
    The compact was transferred to SHS reactor and placed on a movable graphite plate. The reaction 
chamber was evacuated with a vacuum pressure of 70 mmHg for 5 minutes and filled with argon gas up 
to a pressure of 0.5 MPa. 
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Table 1. Properties of the reactant powders 
 
Reactant Vendor Purity (%) Particle size (μm) Melting point (qC) 
FeWO4 Sakorn Minerals CO.,LTD. - - - 
WO3 Fluka analytical 99.90 45 1472 
Fe2O3 Riedel-deHaen 97.00 45 1565 
Ni Sigma-Aldrich 99.99 148 1455 
Al Himedia Laboratories 93.00 45 660 
 
The experimental setup in this work consisted of a SHS reactor with a controlled atmospheric reaction 
chamber and tungsten filament connected to a power source through a current controller, which provides 
the energy required for the ignition of the reaction [7].  
 
 
        
 
 
 
 
 
 
                                                           (a)                                            (b) 
  
Fig. 1. Photograph of (a) the green pellet of the precursors and (b) the synthesized product (Į = non metal), (ȕ = metal alloys). 
 
This operation was repeated at least twice in order to ensure an inert environment during the reaction 
revolution. A combustion front was generated at one sample end by using a heated tungsten filament. 
Then, under self - propagating conditions, the reaction travels until it reaches the opposite end of the 
sample.   
Different phase of the SHS products were identified by inductively coupled plasma - optical emission 
spectroscopy (Perkin Elmer, Optima 4300 DV). Microstructure of specimens was investigated using 
scanning electron microscope (Quanta 400, FEI and JSM-5800LV, JEOL) included energy dispersive     
x-ray (ISIS 300, Oxford). 
3. Results and discussion 
3.1 Thermodynamic analysis 
 
Thermodynamic calculations for equilibrium concentration of stable species produced by SHS 
reaction were performed based on the Gibbs energy minimization method [8]. The evolution of species 
was calculated for a reducing atmosphere and as a function of temperature in the temperature range of    
0-3500qC. It was assumed that evolved gases are ideal and form ideal gas mixture, and condensed phases 
are pure. The total Gibbs energy of the system can be express by the following equation: 
 
G = ¦ni(g iq  + RTlnPi) + ¦nig iq  + ¦ni(g iq  + RTlnxi + RTlnJi)  (1) 
         gas                          condensed solution 
where, G is the total Gibbs energy of the system; giq is the standard molar Gibbs energy of species i at 
P and T; ni is the molar number of species i; Pi is the partial pressure of species i; xi is the mole fraction of 
25.4 mm 
ȕĮ
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species i; and Ji is the activity coefficient of species i. The exercise is to calculate ni such that G is a 
minimized subject to the mass balance constraints.  
The equilibrium composition of the FeWO4-Fe2O3-WO3-Ni-Al system at different temperatures was 
calculated using HSC® program [9] based on Gibbs energy minimization method and the results are 
shown in Fig. 4. The overall chemical reactions of the two systems of reactants can be expressed as: 
 
(A): 3FeWO4 + Ni + 8Al o (3W-Ni-3Fe) + 4Al2O3 , Tad = 3093.3qC (2) 
(B): Fe2O3 + Ni + 8Al + 3WO3o (3W-Ni-2Fe) + 4Al2O3 , Tad = 3406.8qC (3) 
Fig. 2 reveals that it is thermodynamically feasible to synthesis the composite alloys by heat up the 
system of the reaction (2) and (3). Accepting that, the reaction can be a self-sustained manner due to its 
exothermic character, when the adiabatic temperature of the reaction is higher than 1800qC [10]. 
Calculations have shown that the adiabatic temperature of the reaction system is higher than 1800qC thus 
the use of SHS is feasible for both systems. 
 
   
                                     Temperature (qC)                                                                                           Temperature (qC)                                                   
                                                       (a)                                                                                              (b) 
 
Fig. 2. (a) Equilibrium composition of FeWO4-Fe2O3-WO3-Ni-Al system in Ar gas atmosphere, and (b) Magnified in the rectangular 
projection of (a). 
 
During the SHS process, FeWO4, Ni and Al in the reactants system (A) may have been interacted to 
form some possible compounds as following intermediate chemical reactions below: 
 
 3FeWO4 + Ni + 8Al o (3W + Ni + 3Fe) + 4Al2O3 , 'Hf = -1043.68 kJ (4) 
1.5FeWO4 + 2Al o 1.5Fe + 1.5WO2 + Al2O3 , 'Hf = -775.62 kJ (5) 
1.5WO2 + 2Al o 1.5W + Al2O3 , 'Hf = -790.75 kJ (6) 
3FeWO4 + 2Al o 3FeO + 3WO2 + Al2O3 , 'Hf = -677.35 kJ (7) 
 
Fig. 3(a) shows that the reaction of Eq. (4) has the lowest Gibbs energy of all four reactions. If all 
reactants were located in the same area, the reaction will complete to the final products. Estimated at 
660qC, Al reacted first with FeWO4 (Eq. (5), (7)) to yield Fe, FeO, Al2O3 and WO2. The WO2 are sudden 
continue reacted with a residual molten Al (Eq. (6)) provided which lowest of Gibbs energy and higher of 
exothermically final, these character made it to elemental W combined with Fe and Ni at the closed area 
to form metal alloys of W-Ni-Fe and separated Al2O3.  
For the reactants system (B) Fe2O3, Al, WO3 and Ni may be interacted to form some possible 
compounds through the following reactions below: 
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Fe2O3+8Al+3WO3+Ni o (3W+ Ni +2Fe) + 4Al2O3 , 'Hf = -3351.04 kJ (8) 
2Al + 5WO3 + 2Ni o 5WO2 + 2NiO +Al2O3  , 'Hf = -890.36 kJ (9) 
WO3 + 2Fe2O3 + 2Al o WO2 + 4FeO + Al2O3 , 'Hf = -845.82 kJ (10) 
3FeO + 2Al o 3Fe +Al2O3   , 'Hf = -873.88 kJ (11) 
WO2 + NiO + 2Al o W + Ni +Al2O3 , 'Hf = -846.03 kJ  (12) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                            
                                                (a)                                                                                                             (b) 
 
Fig. 3. Gibbs energy of the different reactants system (a): system (A) (Eq. 4, 5, 6, and 7, see text) (and (b): reactants system (B)   
(Eq. 8, 9, 10, 11 and 12, see text) at a temperature range from 0 to 3500qC. 
 
As well as, for the reactants system (B) (see Fig. 3(b)), the reactions was completed to produce the 
final products if the reactants were located in the same area or has suitable of the reactions side (Eq.  (8)).  
The reactions began at the melting point of Al reacts with metal oxide of WO3 and Fe2O3 together with Ni 
to form intermediate phases of WO2, NiO and FeO (Eq. (9) and (10)). Later, these intermediate phases 
reacted with the residual molten Al and yield metal element of W, Ni and Fe and Al2O3 (Eq. (11) and 
(12)). The heat releases from reactions was then help form W alloys of W-Ni-Fe system.  
It is found that the phase separation as shown in Fig. 2(b) between Al2O3 and W-Ni-Fe alloys takes 
place in the combustion wave due to their differences density and surface tension [11].  
 
3.2 Products formations  
 
Table 2. Elements found in SHS products of different reactants system analyzed with ICP-OES. 
 
Elements (%w/w) Reactants system 
 FeWO4-Ni- Al Fe2O3-WO3- Ni- Al 
W 82.73 84.62 
Fe 4.20 1.74 
Ni 3.08 0.38 
Al 5.29 3.15 
Sn and Mn trace elements balance - 
 
Table 2 shows elements found in SHS products of different reactants system analyzed with ICP-OES. 
The determination of metal elements in the products on the both reactants system has been identified by 
ICP-OES detection. 
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The amount of Fe, Ni and Al that found in the products of Fe2O3-WO3-Ni-Al system were less than 
that of the reactants system of FeWO4-Ni-Al. It is due to the higher heat release for exothermic reaction 
from thermite-oxide agents (Fe2O3 and Al) while, the thermal decomposition, partial sublimation and 
vaporization of some intermediate phase or elements in-situ SHS reaction can possibly be occurred. 
3.3 Microstructure evolution  
Morphological observation of all SHS products are shown in Fig. 4 (a and b) and quantitatively 
included phase distribution of these products are given in Fig. 5 and 6, respectively. It is observed from 
SEM images that the microstructures for the system of FeWO4-Ni-Al have been clearly separated 
between metal alloys (W and Fe) and matrix phase shows in Fig. 4(a) and has been verified by elemental 
mapping in Fig. 5(a) which, a W-Ni-Fe alloys are coexisting with Al2O3. The formations of W crystal are 
hexagonal shape and spherical shape in case of Fe.  
On the other hand, the metal alloys phase of W-Ni-Fe in the Fe2O3-WO3-Ni-Al system were covered 
by melted Al2O3. The melted Al2O3 are generated by exothermic heat release due to the thermite reaction 
compared to the previous reactants system, which shown in Fig. 4(b) and elemental mapping in Fig. 6(a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
            (a)                                                                      (b) 
 
Fig. 4. SEM micrograph of the SHS products from (a) FeWO4-Ni-Al system and (b) Fe2O3-WO3-Ni-Al system. 
 
The EDX spectrums of FeWO4-Al-Ni and Fe2O3-WO3-Ni-Al system show W peaks along with Ni and 
Fe for W-Ni-Fe alloys and Al and O for Al2O3 phase. In addition, Sn and Mn trace element was found in 
the system of FeWO4-Ni-Al because of their existent in FeWO4 minerals.  
 
 
 
 
 
 
 
 
 
 
 
 
           
                                                                     
Fig. 5. EDX analysis of FeWO4-Ni-Al system (a) elemental mapping of and (b) quantity spectrum 
 
 
 
 
 
50 
Energy (kev) 10 5 
0 
C
ou
nt
s. 
0 
100 
150 
Fe 
O Ni 
Al 
W 
Sn Sn 
Mn Fe 
Fe 
Ni W 
W W W 
(b) 
W 
(a) 
SE 
Į
Ni Fe 
Sn Al O 
Mn 
ȕ 
Fe
W
W-Ni-Fe +Al2O3
634  T. Chanadee et al. / Procedia Engineering 32 (2012) 628 – 634
 
                                        
 
 
 
 
 
 
 
 
 
                                         
 
Fig. 6. EDX analysis of Fe2O3-WO3-Ni-Al system (a) elemental mapping of and (b) quantity spectrum 
4. Conclusions 
The novel self propagating high-temperature synthesis (SHS) method has successfully produced     
(W-Ni-Fe) alloys with separated Al2O3 from the different reactants system of FeWO4 (mineral tailing)-Ni 
-Al and Fe2O3-WO3-Ni-Al. The morphology and amounts of product phase from the different reactants 
system are depending on exothermic degree of the SHS reactions. 
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